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might play an instructive role with regard to some earlyGeneration of the
aspects of cortical development, such as precursor pro-Cortical Area Map: liferation (Dehay et al., 2001), it is now well-accepted
that the neuroepithelium is not a tabula rasa but ratherEmx2 Strikes Back
that it is intrinsically regionalized with regard to the
expression of several transcription factors (TFs) early
during embryonic development (Grove and Fukuchi-Shi-
mogori, 2003). Therefore, in a general sense, two basicThe recent identification of molecular cues involved
problems confront this field. First, what are the develop-in the generation of the cortical area map, such as the
mental mechanisms that specify the early regional ex-patterning molecule FGF8 and transcription factors
pression of transcription factors along different axes ofsuch as Emx2, represents an important breakthrough.
the telencephalic neuroepithelium? and second, howIn this issue of Neuron, Hamasaki et al. use a genetic
are thalamocortical axons targeted to specific corticalapproach to explore how these signals interact and
areas so that the “thalamocortical projection map”propose that Emx2 plays a direct, largely FGF8-inde-
matches the “transcription factor map”?pendent role in the control of the relative size and
The Patterning of the Cortical Map Resultsposition that each area occupies within the cortex.
from the Coordinated Action of Both
Secreted Patterning Cues and GradedThe cerebral cortex represents 70% of our brain and is
Expression of Transcription Factorscomposed of over a hundred areas where motor, sen-
An important breakthrough in this field was the identifi-sory, and cognitive information are processed to allow
cation of the role of a rostral organizing center (called thehigher functions, such as reading or speaking. Each
commissural plate) expressing fibroblast growth factor 8cortical area is composed of neurons located in six dif-
(FGF8) in the patterning of the cortical map (Figure 1A).ferent layers characterized by specific input and output
The Elizabeth Grove lab developed an in utero electro-projections. Each thalamic nucleus projects to a specific
poration-mediated gene transfer technique that allowedcortical area, thereby relaying a specific functional mo-
for the induction of an ectopic, caudal source of FGF8dality from the periphery. For example, the primary so-
in the mouse dorsal telencephalon at E10 (Fukuchi-Shi-matosensory cortex (S1) receives sensory information
mogori and Grove, 2001). The consequence of this ec-from the periphery via the ventrobasal (VB) thalamic
topic source of FGF8 is very striking because it is suffi-nucleus, whereas the primary visual cortex (V1) receives
cient for the duplication of the primary somatosensoryvisual information from the retina via the lateral genicu-
area (S1) and ultimately results in a new ectopic, caudallate nucleus (LGN). Each cortical area also displays a
S1 area (Figure 1B). A loss-of-function approach thatunique set of output projections. For example, layer 5
takes advantage of mice expressing lower levels ofpyramidal neurons project to the spinal cord in the motor
FGF8 (hypomorphic mutation) revealed the opposite ef-cortex, but they project to the superior colliculus if lo-
fect, contracting the size and position of cortical areascated in the visual cortex. In addition to characteristic
rostrally (Figure 1B; Garel et al., 2003). These results
patterns of input/output connectivity, each area can also
demonstrated for the first time that, as in other parts of
be recognized cytoarchitecturally by the distinct number
the embryo (such as the limb) or within other parts of
and morphological subtypes of neurons present in each
the nervous system (such as the spinal cord [Tanabe
layer as well as the specific types of synaptic connec- and Jessell, 1996] or the olfactory system [LaMantia et
tions made by these different neuronal subpopulations. al., 2000]), the patterning of the cortical neuroepithelium
Therefore, both structural and functional criteria impinge is controlled by the action of a secreted molecule ex-
on the definition of cortical areas. pressed locally at the level of a patterning center. It is
Developmental Mechanisms Patterning also worth noting that the commissural plate is not the
the Cortical Area Map only patterning center within the dorsal telencephalon.
The relative position occupied by each primary cortical Other cues, such as Wnt3a, Wnt8b, but also several
area is remarkably constant between different mamma- bone morphogenetic proteins (BMPs), are expressed
lian species. For example, the primary motor areas (M1) along the dorsomedial border of the telencephalic vesi-
are always rostral to S1, and visual areas are always cles (Figure 1A), suggesting that the specification of the
located at the occipital pole (that is, caudal to S1) (Figure cortical area map arises from the coordinated action of
1). How is this incredibly complex but stereotypic map multiple patterning centers (Grove and Fukuchi-Shimo-
of cortical areas patterned during development? This gori, 2003).
fascinating question seems to be dauntingly difficult to It is thought that one of the direct consequences of
answer, and historically, the search for the develop- these local secreted cues is to pattern the graded ex-
mental mechanisms patterning the map of neocortical pression of transcription factors. The first demonstration
areas in mammals has been a very controversial topic of the importance of the graded expression of TFs in
(O’Leary, 1989; Rakic, 1988). The protomap model im- the specification of the size and position of cortical areas
plied that the identities and positions of cortical areas came from the analysis of mice presenting a targeted
were specified through the regionalization of the ventric- deletion of the homeodomain-containing transcription
ular zone (Rakic, 1988), whereas the protocortex model factors Emx2 and Pax6 (Bishop et al., 2000; Mallamaci
implied that the ventricular zone was a tabula rasa gen- et al., 2000). Emx2 was initially cloned by Edoardo Bonci-
erating equipotent cortical areas whose identities are nelli’s group as an ortholog of the Drosophila gene
specified through late, extrinsic cues, such as thalamo- empty spiracle, which is part of a gene family that speci-
fies the identity of specific regions along the body axiscortical axons (TCA; O’Leary, 1989). Although TCAs
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opposite high-rostral to low-caudal expression gradient.
Importantly, the Emx2 knockout mouse displays a strik-
ing caudal compression in the position of cortical areas
(Figure 1B) so that rostral areas such as S1 or M1 are
expanded at the expense of more caudal area such as
V1, which are compressed (Bishop et al., 2000; Malla-
maci et al., 2000). However, the Emx2 homozygous
knockout mice display a pronounced reduction of the
total cortical surface, making it difficult to compare the
surface area of the knockout versus the wild-type cortex
(Bishop et al., 2000; Mallamaci et al., 2000). Furthermore,
the Emx2 knockout mice die perinatally, making the
identification of the cortical areas even more difficult
because both area-specific molecular markers and con-
nectivity largely emerge postnatally in mice.
In this issue of Neuron, Dennis O’Leary’s group took
a clever gain-of-function approach in order to alleviate
some of these problems and further explore the role
of Emx2 in cortical area patterning. They genetically
engineered a mouse to overexpress Emx2 under the
regulatory sequence of nestin (ne-Emx2), a gene ex-
pressed in all radial glial cells, the neural precursors in
the CNS. Interestingly, these mice are viable postnatally,
and the cortex has no obvious change in cytoarchitec-
ture or cortical surface area. This allowed the authors
to perform a careful quantitative examination of the size
and relative position of primary sensory areas using
several molecular markers (cadherin8, PAX6, LHX2) and
also cytoarchitectonic markers such as serotonin and
cytochrome oxidase, which reveals the accumulation of
thalamocortical axons in layer 4 (however, see com-
ments below). The main result is that ne-Emx2 homozy-
gous mice display a drastic rostrally directed expansion
of caudal areas such as V1 at the expense of rostral
areas such as M1. Remarkably, the ne-Emx2 heterozy-Figure 1. Patterning Centers and Graded Expression of Transcrip-
tion Factors Both Contribute to the Specification of the Cortical gous mice display an intermediate level of expansion in
Area Map caudal cortical areas and a contraction of rostral cortical
(A) Patterning centers and graded expression of transcription factors areas compared to the homozygous ne-Emx2 trans-
in the early dorsal telencephalon. FGF8 is found in a rostral source genic mice. The authors also complemented this gain-
called the “commissural plate” (green dot), whereas Wnts and BMPs of-function approach by a loss-of-function approach by
are expressed along the caudodorsal midline (pink band) in the early examining cortical regionalization in the Emx2/ mice
E9–E10 telencephalic vesicles. Correspondingly, two homeodo-
which do not present any global change in cortical sur-main-containing transcription factors are expressed in countergra-
face area and show the opposite changes compared todients: PAX6 in a high-rostral to low-caudal gradient (green gradient)
ne-Emx2 overexpressing mice, i.e., a contraction of theand EMX2 in a high-caudal to low-rostral gradient (red gradient).
(B) A dorsal schematized view of the adult cortex depicts the relative caudal cortical territories and a corresponding expan-
position of four primary areas (the olfactory bulbs are rostral). In sion of the frontal territories. Taken together, these re-
Emx2/ heterozygous mice or in embryos electroporated rostrally sults provide compelling evidence that Emx2 has a
to overexpress FGF8, the caudal cortical areas are compressed dose-dependent effect on the size and position of cau-whereas rostral areas are expanded. The reverse is observed in
dal cortical areas relative to rostral areas (Figure 1B).nestin-Emx2 overexpressing mice or in Pax6 knockout mice. The
These results are very convincing, not only because theyinduction of a caudal ectopic source of FGF8 results in a different
combine a gain- and a loss-of-function approach, butphenotype in which the cortical map is duplicated at least with
regard to S1 (eS1, ectopic S1). The question marks point to the also because they have been carefully quantified with
fact that the status of the M1, V1, and A1 areas has not yet been a level of precision that was not possible before with
addressed. The asterisks point to the manipulations reported by previous knockouts due to both their perinatal lethality
Hamasaki et al. (2004) in this issue of Neuron. A1, primary auditory
and the drastic reduction in cortical surface area.area; M1, primary motor area; S1, primary somatosensory area; V1,
Emx2 Does Not Seem to Act by Alteringprimary visual area.
the Level of FGF8 Expression
The most challenging and controversial result of this
of the Drosophila trunk (Simeone et al., 1992). In the paper is the fact that the authors tested whether these
developing forebrain, Emx2 is expressed starting from changes in the formation of the cortical area map were
E9.5 in a high-caudal to low-rostral gradient at the level due to a direct effect of Emx2 or to an indirect effect
of the cortical neuroepithelium in a pattern that perfectly through alteration of the levels of FGF8 expression in the
complements FGF8 in the commissural plate (Figure 1A; commissural plate as shown by a recent study (Fukuchi-
Shimogori and Grove, 2003). Surprisingly, Hamasaki etFukuchi-Shimogori and Grove, 2003). Pax6 displays the
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al. (2004) found that the level of FGF8 expression in the have opened up a number of challenging questions.
What are the behavioral consequences of changing thecommissural plate was unaltered in ne-Emx2 overex-
pressing mice from E9.5 to E12.5. Therefore, the authors relative size and position of cortical areas? Could some
human neuropsychiatric disorders be caused by a mis-conclude that Emx2 is very likely to play a direct, FGF8-
independent function in cortical patterning. representation of cortical areas, such as the prefrontal
cortex in schizophrenia? Are these developmentalIf EMX2 does not act through repressing FGF8 expres-
sion, then what mediates Emx2 functions on cortical mechanisms controlling the appearance of new cortical
areas in a given species, the Broca “language” area inpatterning? The authors propose a mechanism based
on the observation that Emx2 overexpression abolishes human cortex, for example? Did new patterning centers
appear during evolution in the human telencephalon tothe high-rostral to low-caudal gradient of Pax6 in the
dorsal telencephalon. Furthermore, the phenotype ob- underlie the appearance of a new cortical area during
development, or is a subtle change in the position or sizeserved in EMX2-overexpressing mice closely resembles
the phenotype observed in Pax6 knockout mice (Bishop of a patterning center sufficient to induce new cortical
areas? The tools and conceptual framework developedet al., 2000; Mallamaci et al., 2000), and therefore, taken
together, these results strongly suggest that Emx2 acts in the present and other recent studies will undoubtedly
lead to answers for some of those fascinating questions.at least partially by repressing Pax6 expression.
Future Directions
One potential drawback of using nestin regulatory se- Franck Polleux
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What regulates Emx2 expression? Emx2 expression Don’t Go There
has been shown to be regulated by caudodorsal midline
patterning cues such as BMPs and Wnts. However,
much more work is needed to determine the molecular
mechanisms patterning the gradient of expression of Response inhibition, or impulse control, is critical for
normal cognitive function. In this issue of Neuron,Emx2 and Pax6 as well as other transcription factors
recently implicated in cortical patterning, such as Hasegawa and colleagues use a spatial nonmatch-to-
sample task to reveal neurons in and around the frontalCOUP-TF1.
The results obtained in this field over the past few eye fields that encode where an animal should not
look.years, while providing some much needed answers,
